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1. INTRODUCTION 
The strong interaction is the result of the gluon exchange between colored 
quarks [1]. There is much evidence for the existence of the three color degrees 
of freedom (R, G, B) for each flavor of quark. The emission of a gluon can 
change the color of a quark, and so there appears to be nine possible colors 
of gluons {RR, RG, RB^GG^ GR, GB, BB,BR, BG). However the combination 
+ BB + GG) is colorless and so does not couple to quarks. We thus have 
an octet of vector gluons in the adjoint representation of the SU(3)c group. The 
quark-gluon vertex coupling (see Figure 1.1) may be expressed as where 
gs is the strong coupling and A^- are Gell-Mann's SU(3) representation matrices, 
with a = 1, • • •, 8 for the gluon colors, while i,j = 1,2,3 for the quark colors. This 
quantum chromodynamics (QCD) description of the strong interaction seems 
very similar to QED in that the lowest-order diagram (see Figure 1.2) involving 
a single gluon exchanged between a quark and an anti-quark gives a potential 
% ! ( ' • )  =  - ( è jA gA a( a , A ) )  ( 1 .1 )  
a = l ^ 
where = g'^/47r. Since = 16/3 and for colorless initial and final 
states, we find 
= - - ( c t s / r ) .  (1 .2 )  
However, higher order diagrams like Figure 1.3 give 
- 0!a(l ^ log(^) + (-^ log( ^))^ -)-...) (1.3) 47r /r 47r /// 
g 
Figure 1.1: Color flow in gluon exchange 
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1 (1.4) (6o/47r)log(^) 
= /x^exp(-47r/o:,6o) (1.5) 
where is the value of at which a, is measured, and BQ  = ^Nc — f Thus, 
with iVc = 3 and Nf — 6, we have bo = 7. This has the important consequence 
that aj(Q^) —• 0 as —> oo, which means that quarks and gluons act like free 
particles when probed at very high energy. This asymptotic freedom [2-3] will 
be an essential ingredient of perturbative QCD calculations. 
The other consequence of Equation 1.1 is that cts{Q^) —i- oo as and 
so the perturbation series breaks down at small . Taking the Fourier transform 
of the Equation 1.1 we obtain 
and so the coupling becomes stronger as the separation between the q  and q  
increases, and the perturbation series breaks down as r —v A~^. This is due 
to the gluon self-coupling, which implies that the exchanged gluons will attract 
each other and so the color lines of forces are constrained to a tube-like region 
between the quarks. 
If these tubes have a constant energy density per unit length, then the po­
tential energy of the interaction will increase with the separation, V{r) ~ Ar, 
and so the quarks and gluons can never be free. This 'infrared slavery' is be­
lieved to be the origin of the confinement mechanism, and explains why we do 
not observe free quarks [4]. The confinement range is about fic/A, and the size 
of the hadron is about 1 /m, therefore A is about 0.2 GeV. Therefore one might 
guess that the potential between q and q in meson could be approximated by a 
(6o/27r)log(l/Ar) ( 1 . 6 )  
Figure 1.2; The quark-gluon vertex and the qq interaction with color labels 
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combination of a short-range asymptotic freedom contribution and a long-range 
confining potential, 
F(r) =-4/3—+ Ar. (1.7) 
r  
This sort of potential gives a very good account of the spectrum of mesons 
made of heavy quarks such as $(cc) and T(66) [-5] and their excited states. 
We can thus take seriously the idea that hadrons are made of quarks bound 
together by a confining potential due to the exchange of gluons. 
It seems better to regard the hadron as made up of three classes of constituent 
[4]: 
• The valence quarks which carry its quantum numbers such as charge, 
strangeness, etc., 
• A sea of quarks and anti-quarks, i.e., virtual pairs created by vacuum 
polarization of the color field, and 
• A sea of virtual gluons, the quanta of the color force field which are ex­
changed between the quarks, and between the gluons themselves. 
Whereas the number of valence quarks is fixed by the quantum numbers of the 
particle, the number of virtual sea quarks and gluons is unlimited. Since the 
gluons are massless, there is no limitation to create large numbers of low energy 
gluons, and so the probability of finding such gluons can be expected to diverge 
as their energy tends to zero. Many features of the experimental results can be 
explained by this model, generally referred to as the parton model. If hadrons 
consist of fundamental constituents it is possible to describe hadronic reactions 
in terms of the interactions of these constituents. The production of hadron with 
6 
Figure 1.3: The lowest-order correction to the quark-gluon coupling 
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e 
• 
Figure 1.4; The q q  color field with V(r)~ r  
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large Py is a good example [6]. The basic diagram for AB —> CX,  where C  
is the hadron with large Px and X representing all other particles, is shown in 
Figure 1.5. The incoming particle A and B contain partons a and b scattering 
and producing partons labeled c and d which carry a large Pj. Hadron C is 
produced from c via the confinement mechanism. Large Pj implies that the 
partons have scattered at a small distance where a, is small. Hence we hope that 
perturbative theory will be valid here. Let f%{xa) be the probability that hadron 
A contains a parton a which is carrying a fraction Xa = Ça/PA of its momentum, 
0 < Xa < 1. The function f%(xa) are called the structure function of A. Similarly 
we introduce the fragmentation function Df{zc) representing the probability 
that the outgoing parton c produces a hadron C carrying a momentum fraction 
"C = Pcl<lci where 0 < zc < 1. We assume that C is produced collinearly with c 
and that the fragmentation depends only on Zc and is independent of the nature 
of the initial state. 
If we neglect the particle masses, the invariant variables for the hadron process 
AB —> CX are 
•s = (-Pa + — 2P,4 • PB (1.8) 
T  = { P A - P B ? ^ - 2 P A - P C  (1.9) 
where y/â is the total center-of-mass energy and is the invariant momentum 
transfer from A to C. The corresponding variables for the parton process, ah —+ 
cf/, are 
s  =  { q a +  Q b f  -  2Ça • qb -  XaXbS (1.10) 
i  — (Ça ?c)  — '  Çc — 11-c  (1.11) 
We can write the invariant cross section for AB —+ CD as the weighted sum of 
9 
Figure 1.5: The hadronic interaction AB —> CX in terms of the structure 
function f%,fg, and the fragmentation function 
10 
differential cross section, dcr jd i^  of all possible parton scattering contributions, 
=  f  f  - >  c d ) D f ( Z c )  
df  *  c  J Q J0 TT Zq t i ' t  
(1.12) 
Therefore we can predict the cross section if we know the structure functions, the 
fragmentation functions, and the cross sections for all the parton sub processes 
[7). 
1.1 Fragmentation Function 
The conversion of the high momentum parton c into the hadron C in the 
final stage of Figure 1.5 is believed to be independent of how c was produced. 
Therefore we can obtain the fragmentation function D^{z) directly from the 
process e+e" CX. In the parton model the cross section is given by 
-^CX) = '£<T{e^e- ^qq)iD^z + D^{z)) (1.1.3) 
g 
= ^ 3 Z 4Dfi = ) + of ) (1.14) 
The hadron C may have been produced from either the q or  q  ,  and r = y/ s  
is the e+e~ center of mass energy. The form of the D^(z) is determined by sum 
rules, and by the limiting behavior as z —» 0 and z 1. Since the sum of the 
energies of all the hadrons which fragment from a initial quark must be equal to 
the initial energy of that quark, we have 
E rzD^{z)dz = l (1.15) 
c  
The average multiplicity of hadrons of type C is given by 
<  "c  >=  X]  /  (1 .16 )  
11 
Detector 
e' q 
Figure 1.6: Fragmentation of part on into a hadron observed with a fraction 
z of the quark's energy 
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where z^in is the lowest value of z  possible to make a hadron of mass nic .  As  
z —» 1 the hadron takes all of the parton's momentum so other partons must 
have negligible momentum. Hence dimensional counting leads us to 
n^iz)  z~ l  ( l - z r - - '  (1 .17 )  
where is the minimum possible number of spectators. As z —> 0 the hadrons 
are taking none of the parton's momentum and so we expect V(z) ~ z~^, which 
gives a logarithmic increase of < Uc > with energy. It is convenient to approxi­
mate 
B^(z)  =  Az-^(1  -  zf"' -^  (1 .18)  
with the normalization coefficient A. In a later chapter we will study this frag­
mentation function in more detail. 
t 
1.2 The Evolution of the Fragmentation Functions 
In the part on model the fragmentation of the each parton into a hadron is 
described by the fragmentation function. But in QCD each parton may radiate 
other partons as in Figure 1.7, so the actual number of partons we see depends on 
the 'resolving power' of the observing system. To determine the evolution of 
fragmentation function from QCD we follow the work developed by Altarelli and 
Pari si [8]. Their work deals directly with the probability that extra partons are 
emitted. We begin by supposing that the parton fragments into a hadron, with 
fragmentation function D^(z) which gives the probability of finding a hadron 
with a fraction z of the parton's energy E\ next we consider the possibility that 
a  q u a r k  c a r r y i n g  m o m e n t u m  y E  e m i t s  a  g l u o n ,  l e a v i n g  i t s e l f  w i t h  z E ^  z  <  y  < 1 .  
13 
xp -  zyp 
l a )  
xp = zyp 
( 1 - z l yp  
ib)  
(c) 
Figure 1.7: Part on process with the splitting probability functions 
( a )  Pg_ .q , ( z ) ,  ( b )  Pg^q{ z ) ,  ( c )  Pg^g{ z )  
14 
The probability for this is 
to first order in the color coupling a,. The splitting function Pq^q(z) is similar 
to that for e —> €7 in the QED theory of bremsstrahlung, and can be calculated 
from the Feynman rules to be 
4 1 
— g 2 ^ (1.20) 
The log in Equation 1.19 arises because the transverse momentum is no longer 
bounded, since when one integrates the quark propagator over the available phase 
space one obtains the integral 
fQ'  dPl  , , Q2 4  
where QQ  is an arbitrary normalization mass. Similarly, a gluon with a momen­
tum fraction y may produce a qq pair, the resulting quark having a momentum 
fraction z. The evolution of the fragmentation with is thus given by 
= + (1-22) 
The formulation and the physical understanding of the evolution equation have 
been essential in the reconstruction of the parton model in a theoretically satis­
factory context within QCD. 
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2. DETECTORS OF THE TPC FACILITY 
The data analyzed in this thesis were taken in e+e' annihilation at a center 
of mass energy of 29 GeV using the PEP4-TPC detector at the SLAG storage 
ring PEP. 
In this chapter we describe briefly the PEP storage ring and the PEP4. 
2.1 PEP 
The PEP is an e+e^ storage ring whose circumference is 2.2km.  The storage 
ring is filled with three bunches of 14.5 GeV electrons and positrons from the 
linear accelerator. Each bunch has a transverse size of about 500/zm in the plane 
of the accelerator, 50//m out of the plane, and a length of 1.5cm . The 3km linear 
accelerator takes electrons from an electron gun and accelerates them using a 
series of 240 microwave cavities. Positrons are obtained by directing the electron 
beam onto a target. One third of the way down the accelerator, the produced 
positrons are collected and then accelerated in the same manner as the electrons. 
The beams collide every 2.45/^sec at each interaction region. The energy spread 
of the beams is given by cr^/E = 10"^, an energy spread of about 300 MeV at 
29  GeV.  The  peak  luminos i ty  obta ined  was  2 .0  x  10^^cm"^sec~\  or  about  ID* 
event every 4 minutes. 
2.2 PEP4 Detectors 
The PEP-4 detectors are mainly the central detectors. The PEP-9 detectors 
are the forward detectors. The responsibility of the central detectors is to identify 
and measure the momenta of particles produced at large angles from the beam 
line. Moving outward radially from the 2mm thick water cooled beam pipe, there 
is an inner pressure wall, the inner drift chamber, the time projection chamber, 
the outer pressure wall, the magnet coil, the outer drift chamber, the hexagonal 
calorimeter, and three layers of muon chambers. Near the ends of the cylindrical 
central detectors are the two modules of the poletip calorimeter and more muon 
chambers (see Figure 2.1). The PEP-4 coordinate system is defined as follows: 
the origin is the beam interaction point, the z axis lies along the incoming electron 
beam, the y axis is vertical upwards and the x axis is radially outward away from 
the ring center. 
The high pressure volume is defined by the inner pressure wall, the outer 
pressure wall, and the faces of the two magnet pole bases. The inner drift cham­
ber, the Time Projection Chamber, and the poletip calorimeters are all located 
inside the high pressure volume. The gas used inside the high pressure volume 
is a mixture of 80% argon and 20% methane at 8.5 atmospheres pressure. For a 
summary of PEP-4 detector, see Table 2.1. 
17 
PEP- 4  FACILITY 
Figure 2.1: The PEP-4 Facility 
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Table 2.1:PEP-4 Detector Summary 
Detector Fraction of 
47r 
Location Remarks 
Inner Drift Chamber 
(IDC) 
95% 13 — 19cm. radius 4 layers 
TPC 97% 20 — 100cm radius 183 dE/dx wire 
15 pad rows 
Magnet Coil 1.075m radius 4kG, 13kG 
Outer Drift Chamber 
(ODC) 
77% 1.19 — 1.24m. radius 3 layers 
HEX Calorimeter 75% 1.2m radius Geiger mode 
lOXo deep 
Pole Tip Calorimeter 18% Endcaps 
Proportional 
mode 
12.6X0 deep 
Muon Detector 98% Endcaps and barrel Proportional 
tubes 
19 
track trajectory 
Figure 2.2: A cross section of the IDC 
2.3 Drift Chamber 
The inner drift chamber (IDC) and the outer drift chamber (ODC) are used 
to get fast signals for the trigger decision. The IDC consists of four concentric 
layers of 60 sense wires each with alternating layers rotated by 3° in azimuth. A 
cross section of the IDC is shown in Figure 2.2. Its polar angular coverage extends 
down to about 250 mrad with respect to the beam line. The IDC operates in 
8.5 atmospheric pressure of argon-methane gas. The ODC has three layers, each 
20 
with 216 sense wires located on the outside of the superconducting coil cryostat. 
The chamber consists of six modules overlapping, so that there are no gaps in 
azimuth. The ODC operates at 1 atmospheric pressure in the argon-methane 
gas from TPC. 
2.4 TPC 
The TPC is 2 meters long and 1 meter in radius (see Figure 2.3 ) and is 
divided into two smaller volumes by a tungsten wire mesh which is held at a 
potential of — 75KV. To achieve uniformity of the electric field, the inside walls 
of the cylindrical TPC are lined with a field cage, a series of equipotential rings 
connected by a chain of precision resistors. The two end caps of the TPC consist 
of 12 sectors to be discussed in more detail below. TPC is filled with a mixture 
of 80% argon and 20% methane at 8.5 atmospheric pressure. The TPC iden­
tifies charged particles by measurement of momentum and energy loss (dE/dx) 
simultaneously with a typical accuracy of 185 in the x-y plane and 350 j-im 
in the drift (z) direction. The momentum resolution of the TPC with 4 kG is 
(cp/p)^ % (0.06)^ + (0.035p)^; with 13 kG is [a-p/p)'^ % (0.015)^ + (O.Olp)^, with 
p in GeV. The TPC sectors consist of 183 wires 4.mni above a ground plane of 
copper coated on insulated G-10 backing (see Figure 2.4). 15 rows of 7.5 x 7.5 
mm^ cathode pads are etched into the copper ground plane along the sense wires. 
The spacing of the cathode pads is to sample an ionization cluster with at least 
two pads along a track length. In order to minimize noise and signal attenuation 
from long cable runs, preamplifiers for the pads and wires are located behind 
the cathode plane (see Figure 2.4). About 1300 preamplifiers can develop large 
21 
TIME PROJECTION CHAMBER 
Endcap sense 
wires 
Endcap sense 
wires 
Negative high 
voltage electrode 
Beam pipe 183 dE/dx wires per sector 
15 spatial wires per sector 
Figure 2.3: The Time Projection Chamber 
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L 
Alternating 
Field and Sense 
Wires 
Figure 2.4: A TPC sector 
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1 Wire duster 
-
Signal pulse 
+HV 
1 Pad duster 
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Figure 2.5: Signal development, on the pad and wire 
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temperature gradients across the cathode plane, strongly affecting wire gain. For 
uniform wire response, the sectors are water cooled. The sense wire plane con­
sists of 20 fxm diameter gold coated tungsten sense wire alternating with 75/Ltm 
diameter gold coated Be-Ou field shaping wires (see Figure 2.6). 50, 250, and 
500 grams of tensions were applied to sense, field, and grid wires respectively. To 
calibrate the wire response we use three movable rods with Fe®® sources located 
behind the cathode plane at the middle and edge of the sectors. Photoionization 
electrons from the Fe®® are seen by the sense wires. From its spectra, gain shifts 
are periodically monitored. 
2.5 Hexagonal Calorimeter 
The Hexagonal Calorimeter (HEX) is a electromagnetic shower calorimeter. 
Photons in this analysis were detected mainly by the HEX. The HEX is divided 
into six modules. The modules are roughly 4m long covering 60° in azimuth 
and a cross section is shown in Figure 3.8. Each module consists of a stack of 
40 layers of 3.2mm thick lead laminate, with gaps filled with a gas mixture of 
argon-methylal- N2O. Anode wires held at 1400 volts are strung axially in the 
gaps at 5 mm intervals. The surface of the laminate on either side of the anode 
wire consists of aluminum cathode strips. The cathode strips above and below 
an anode wire are oriented at ±60" with respect to the wire. Out of 40 layers, 
the anode wires and cathode strips of the first 27 and last 13 layers are ganged 
together in depth to form two submodules. A high energy photon impinging on 
the HEX will convert into an electron-positron pair. Each electron and positron 
will bremsstrahlung and emit a photon. The photon then convert into e"^e~ pair. 
25 
Drift Region 
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Sense Wire# 
o  x o x o x o x o  
Field Wires ^  
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(b) 
Figure 2.6; TP G wire and pad geometry, (a) The wire configuration in the 
sector and (b) the relative wire and pad locations 
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In this process an electromagnetic shower develops. As the shower develops, 
electrons and positrons cross the gas filled gap ionize the gas, and leave a trail 
of ionization which will be drifted onto the anode wire, and initiate a Geiger 
discharge on the anode wire. A signal will also be induced on the cathode strips 
above and below the discharge region. Therefore signals are available in three 
stereo views to determine the location of the discharge. 
2.6 Trigger System 
The frequency of beam-beam crossings is about 4x 10® Hz in the PEP ring. 
The rate of interesting events occurs at a level of around 1 Hz. The readout time 
of all electronic channels is about 20 milliseconds. Therefore a fast decision must 
be made as to whether an interaction from each beam crossing is interesting 
enough to keep. A reliable and efficient trigger is essential to the satisfactory 
performance of the detectors. The decision as to whether or not to read out 
the detectors is made in three separate stages, known as the pretrigger, trigger, 
and preanalysis decision. It forms a hierarchy of three progressive levels of the 
decision process. The trigger is enabled by the pre-trigger and preanalysis is 
enabled by the trigger. The pretrigger and trigger decisions are very fast, and the 
requirements of the signals from the detectors are rather loose. The preanalysis 
places more stringent requirements. If these requirements are met, the detector 
signals are read out into a large buffer. Otherwise, the electronics are reset in 
preparation for the next beam crossing. There are two categories of the trigger 
hierarchy: charged and neutral. For this analysis, however, the elements of the 
charged particle trigger are most relevant. Therefore, a brief discussion of the 
Interaction Point 
e%* Beam Line— 
Cathode Strips 
Anode 
Wires 
Figure 2.7: A HEX module 
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charged particle trigger is presented below. 
The charged pretrigger looks for hits synchronous in time with the beam 
crossing in the IDC directed toward the beam interaction point. Additional 
aligned hits in either ODC or the TPC endcaps are required to ensure that the 
tracks penetrate to a large radius. 
The neutral pretrigger looks for energy deposits synchronous with the beam 
crossing in either of the HEX or PTC calorimeter. The signal from the fast 
portion of the HEX analog electronics is summed over all electronics channels. 
The HEX pretrigger requires this signal to be above the voltage corresponding 
to an energy of 500 MeV. 
The main charged particle trigger is based on the TPC and two ripple trigger. 
Whenever a charged pretrigger occurs, the trigger looks for two or more charged 
tracks pointing toward the origin and separated by a minimum of 60® in azimuth. 
Signals from the sense wires on the sectors of the TPC are split into two 
streams, one leading to the online computer, the other to the trigger system 
where signals from adjacent 8 wires are grouped to form a majority unit (see 
Figure 2.6). A majority signal is generated for a given majority unit if a minimum 
number of wires have signals above a preset threshold. Adjoining sectors joined 
together in groups of two form supersectors; for instance, supersector 0 is an 
OR of sector 0 and 1. The drift time of the ionization in the TPC is divided 
into 64 slices. Therefore the majority units divide the TPC volume into cells 
whose dimension are 8 wires in radius, 120° in azimuth and 1/64 of maximum 
drift time in z. If the pretrigger requirements have been satisfied, the ionization 
in the TPC is allowed to drift into the sectors and is examined by the trigger. 
The most sophisticated trigger logic in the charged particle trigger is the ripple 
29 
Supersector 
- 120») 
Supersector 
{àit> - 120") 
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- 30") 
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(A  ^- 30") 
Figure 2.8: The TPC supersector 
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trigger. The ripple trigger examines the majority signals for evidence of tracks 
pointing back towards the interaction point. A hit at any radius at any time 
initiates a search for another hit at smaller radius and later time if another hit 
is found at this smaller radius and later time. It initiates a search for the next 
point in line toward the origin. A charged track originating from the interaction 
point appears as successive points rippling in from a large radius to the origin. 
There is one neutral trigger, a total energy trigger that uses the HEX. A HEX 
trigger is generated if there is more than 2 GeV energy deposit in the HEX along 
with a neutral pretrigger. 
After the event is read out by the online data taking computer the preanalysis 
makes a final decision as to whether event is to be written onto data tape. 
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3. THE RADIAL DRIFT CHAMBER 
Ever since photographic plates were first used as the very first tracking detec­
tors for ionizing particles, the history of detector development shows continuing 
efforts for improvement. Recent innovations in wire chamber technology have 
led to the design of a novel vertex detector [9]. The features of this detector 
include the use of induced signals on pickup wires to localize avalanche coordi­
nates , the use of waveform sampling, and the use of a slow organic gas; dimethyl 
ether. The asymmetry in the response of the pickup wires as a function of the 
azimuthal position of the avalanche, cc, is used to deduce track coordinates. The 
RDC track reconstruction involves time sampling of the pickup wire and the 
sense wire waveforms, and good knowledge of the drift velocity and electrostatic 
configurations. 
3.1 Mapping 
Charged particle trajectories in the RDC are reconstructed based upon the 
information on the wire triplets. The physical quantities we measure are the 
charge on the sense wire A, and the induced charge on the pickup wires, B and C. 
We have to understand the time dependence of the induced charge development 
on the pickup wires to turn these measurements into the coordinate of the original 
electrons [10]. 
When an electron cluster drifts into the radial field region near the sense 
wire, an avalanche will develop around the sense wire. The positive ion cloud 
32 
will cluster around an angle, a, and will extend a few wire radii from the sense 
wire. The pickup wires will see the positive ion cloud and the opposite charge 
will be induced on the pickup wires. The difference in the amount of the induced 
charge on the pickup wires will be a function of a. Therefore we can parameterize 
the normalized signal asymmetry in terms of a : 
=•?•(«), (3.1) 
where F  [ a )  is a odd function we have to find empirically. 
3.2 Diffusion 
The diffusion will degrade the spatial resolution of the signal. There are some 
factors which contribute to the diffusion in the RDC. 
1. The transverse diffusion of electrons in the drift region will degrade the 
spatial resolution of the signal. 
2. As the electron clusters enter the radial drift region where the field lines are 
getting closer they will be heated, i.e., their average energy will increase, 
and will show a larger diffusion. 
3. The avalanche may spread transversely. 
The contribution of diffusion in dimethyl ether [11] has been studied (see Figure 
3.1). We run the RDC at a value of E/P where the diffusion constant is a 
minimum. 
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Figure 3.1: Diffusion and drift velocity of DME as function of E / p  
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3.3 Wire Plane 
The wire plane consists of 16 wire triplets, where one triplet is defined as a 
sense wire strung between two pickup wires which are strung between two field 
wires. The sense wires are 20/ii.m diameter gold-coated tungsten. The pickup 
wires are 75fJ,m diameter gold coated Cu-Be alloy. The centers of adjacent wire 
triplets are separated by 2mm, and 250fim separate the centers of the sense and 
pickup wires. The centers of the pickup and field wires are separated by 7.50/um, 
Epoxy beads held the wires onto the circuit board (see Figure 3.2). 
3.4 Field Cage 
The purpose of the field cage is to maintain a regular electric field at the 
drift region. The material of the field cage is brass whose dimensions are shown 
in Figure 3.3. Each brass ring is connected through a 1 x lO^fî high precision 
resistor. Each pair of the selected resistors is connected in series so that the 
potential differences are identical between adjacent field cages. 
3.5 High Voltage Plane 
The high voltage plane divides the RDC into two volumes. Two brass pieces 
and two transparent conducting sheets are glued together in such a way that the 
thickness of the highvoltage plane is equal to those of the field cage. The reason 
for using a transparent conducting sheet is to allow alignment of the two wire 
frames optically. An assembly of the basic structure of the RDC is shown in 
Figure 3.4. 
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3.6 Electronics and Data Acquisition 
Each wire in the triplet was instrumented with a blocking capacitor, a pream­
plifier, a shaping amplifier. The output of the wire channels serve as inputs to 
an Image Chamber Analyzer (ICA) in a CAMAC crate. The ICA is being used 
to record the amplitude and time evolution of fast analog signals from the RDC, 
and samples at a 50 MHz rate, that is, each charge sample, or bucket, is taken 
every 20ns€C. Each time a new bucket is recorded, the oldest one is discarded. In 
this way, the ionization history on the wires in the RDC is recorded in 320 CCD 
buckets. When a common stop strobe is received, data acquisition is terminated 
and data conversion is begun. Analog data are converted to digital, and loaded 
into memory for readout. The CAMAC system consists of a crate with 25 sta­
tions. The crate controller occupies stations 24 and 25. A branch highway cable 
connects the crate controller to the Jorway Model 411 branch driver (JY411). 
The JY411 is connected to the VAX computer via an extension of the UNIBUS 
cable. 
3.7 The Electric Field of the Radial Drift Chamber 
The RDC is a novel design intended to achieve ~ 5/Lt spatial precision. There­
fore the E must be precise to better than 5/.t, and we use dimethyl ether at 
atmospheric pressure to minimize transverse diffusion. The RDC consists of 
sense, pickup, field wire and H.V. plane and cathode plane as shown in Figure 
3.5. The diameter of the sense wire is 20/Lt, and the pickup and field wires 75/u. 
The distance between the H.V. middle plane and wire plane is 3.9 cm. The 
cathode plane is located 0.36 cm away from wire plane. The separation between 
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Figure 3.4: RDC basic structure. The wire plane and the field cage and 
the high voltage plane are assembled 
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sense and pickup wires is 0.25 mm., pickup and field wires 0.75 mm. One triplet, 
cell has a sense wire, a left and right pickup wire and at the cell boundary a field 
wire. 
To utilize the induced signal on the pickup wire we ground the pickup wire 
and we try to achieve a well defined electric field near the avalanche region as 
well as the drift region. 
The primary design criteria for the electric field are 
1. Entire chamber volume swept onto sense wire. 
2. Uniform and smooth fields 
3. Maximum angle at sense wire for maximum left and right sensitivity. 
4. Proper drift velocity of electron in DME to match read-out electronics. 
3.7.1 Method 
To calculate the charge densities in a two dimensional wire configuration we 
assign the proper voltages to all wires in the chamber, and we form a plane of 
wires to approximate the conductors in the chamber. 
The electric field of a wire carrying charge density Q (Statcoulombs/ cm) is 
E{r) = 2 (Q/r). We form the matrix elements such that 
I ^ \ 
Vi 
\ / (3o \ 
)  \  Q n  )  
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Where the matrix elements for wires numbers t = 1, • • • n are 
C ' i j  =  2  l o g  { l / r i j )  
ra = radius of wire 
Vij = distance between the wire and the j"' wire. 
Then we invert the matrix [ C i j ]  to get the charges in the system as, 
m = [v^.] 
One of the constraints we must satisfy is to make the RDC neutral chargewise. 
This is accomplished by setting Vq = 0 and C'oo = 0, Coi = 6',o = 1 for 
i=l,' • • 71. 
The pickup wire, maintained at virtual ground and placed between the pos­
itively charged sense wire and the negatively charged field wire, will have an 
induced dipole moment in it. We use simple algebra to get the magnitude of the 
dipole moment. For cylindrical geometry we have, 
OO 
V ( r )  =  E r  c o s  9  +  ^  [ B n  c o s n d  +  sin 
11=1 
Since the pickup wire is at ground potential we know that 
F(a) =0, a = radius of wire therefore the coefs. of all cos  nO,  s in  nd  terms 
must vanish individually. 
5i cos# Di sin# B2 cos2# D2 sin2# V ( a ) =  E a  cos# + — + — + + — + 
a  a  
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0 = {—- — jB cos# + — sin# + 
\ a / a 
and so 
therefore, 
Bi = E 
Di = 0, 52,3,... = 0 
V { r )  = ^ r — —^ E  c o s  9  
This dipole field V { r )  is included in the calculation. 
3.7.2 Results 
For the calculation the number of wires we used is 345 and a CPU time of 
760 sec on a Vax 8650 is required to find the charge densities on the wires. As a 
check, the overall charge of the chamber, which must be neutral, is 
Qi — 9 3 X 10"^ statcoulomb. 
The following figures are electric field plots based on the charge calculation 
described above with various voltage configurations. (Note the E field line density 
is not always correctly depicted in the figures.) 
4.3 
3.8 Wire Stability in the Radial Drift Chamber 
Above a certain value of the operational voltage, the wires become unstable 
and assume a new equilibrium with the wires displaced from their original po­
sitions. From the RDC geometry and voltage assignments we deduce that the 
wires would be displaced horizontally, as shown in Figure 3.8. 
3.8.1 Method 
We call the electrostatic force between the sense wire and the field wire F12 
and for between the pickup and the sense wire F32. 
FI2 = 29192 1 1 1 
a  — X — y  a  +  X +  y  Z a  — x  — y  3 a + a: + y 
Likewise 
F22 = 2Ç392 b  — t  +  y  b  — t  — y  2a  — b  +  t  +  y  2a  — b  +  t  — y  + 
1 1 
+ 
1 
4" ... 
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2^293 
2t/ 
+ 
2y 
+ 
2y 
(6 — (2a  — b  +  t )^  — (2a  +  b  — i )  
= 2g2?3 
.o2^22 42 ••' 62 
TT^ 2 
- 2ft?3 + J ,  
The resultant force F on the sense wire is 
(/ 
F — Fi2 + F32 
91(72(1 4- r)7r^y 
2a2 + 2g2?3 
TT^ 2 
60^ 6^ 2/ 
— 92 
q iJ l+ry  
2a2 + 93 
TT^ 4 
= q2 A  y  
The restoring force R ( replacing y by ^(.'c)) is 
R =  T  d^S(x )  
dx^  
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S(x) = 60 sin 
S ( x )  should satisfy the condition 6(0) = S(L)  — 0 with L the length of the 
wire, \[^ -L = tt Then L = 
3.8.2 Results 
Here we list one set of calculations with a sense wire tension of T3— 60^^ and 
with a set of potentials on the wires of H.V.=-20K.V., 
Vsense =1.5K.V., VfMd =-0.7K.V. 
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Table 3.1: Wire length versus wire tension 
Length(cm) T(Ts/Tf) 
64.78 1.00 
65.50 0.95 
66.23 0.90 
67.00 0.85 
67.79 0.80 
68.61 0.75 
69.46 0.70 
70.34 0.65 
71.26 0.60 
72.21 0.55 
73.20 0.50 
74.24 0.45 
75.32 0.40 
76.45 0.35 
77.63 0.30 
73.87 0.25 
80.17 0.20 
81.53 0.15 
82.97 0.10 
84.49 0.05 
Figure 3 .6 :É  field of one triplet cell 
Figure 3. (."Close-up of E  field near the left pick-up wire 
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Figure 3.12: Charges in ccd buckets in triplet 11 from run 65 event 6 
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4. EVENT SELECTION AND DATA ANALYSIS 
During the period from 1982 to 1986, annihilation data corresponding to an 
integrated e+e" luminosity of 147 pb~^ were collected at PEP-4. This chapter 
describes the process of reducing raw data to the final set of events used in 
this analysis. Raw data from the PEP-4 detector are refined by several stages 
of offline analysis. In the first stage, the trigger information is examined; next, 
pattern recognition is done to find the tracks in the TPC. In the third stage, time 
dependent parameters are monitored. In the fourth stage, the reconstruction of 
photons from hits in the calorimeters and the classification and selection of events 
are done. 
4.1 Pass 1: Preanalysis 
The goal of the preanalysis is to reject events from cosmic rays or beam gas 
interaction. 
The charged particle preanalysis searches for the tracks which triggered the 
TPC and tests whether these tracks point back to the beam crossing position. 
The distance of closest approach to the interaction point is estimated by 
fitting the TPC majority units' signal and raw data from selected pad rows in 
the TPC. Cuts on the event vertex position are based on these fits. The cut values 
vary with the quality of the fit but tracks are typically required to extrapolate 
back to the interaction point within ±14cm in the beam direction and ±10cm in 
the plane perpendicular to the beam. 
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For events with a neutral or charged-neutral trigger, the calorimeter informa­
tion is used to examine whether the energy deposit is from a particle originating 
at the interaction point. 
4.2 Pass 2: Pattern Recognition 
In this stage, pulse height from the sense wire and cathode pads are mapped 
into space points called clusters. The track reconstruction is initiated from here. 
The charged tracks that don't pass close to the interaction point are rejected. 
Cuts are ±10cm in the beam direction and ±5cm in the plane perpendicular to 
the beam. 
4.3 Pass 3: Monitoring of Constants 
The goal of this stage is to extract accurate values of the time dependent 
calibration parameters. 
A number of time dependent calibration parameters are used for the track 
reconstruction and particle identification. Such parameters are the beam-beam 
interaction point, gain on the wires, and the size and shape of electrostatic dis­
tortions. The best determination of these parameters comes from examining the 
data itself. 
4.4 Pass 4: Track Reconstruction 
In this stage the final track fitting is performed. The fitted tracks are con­
strained to have a same origin point. 
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A charged particle passing through a gas loses energy as a function of its ve­
locity through collisions with atomic electrons. The TPC is able to identify parti­
cles via the simultaneous measurement of momentum and ionization energy loss. 
Each track is assigned a for the hypothesis that the track is an e,fi,iT,KyP. 
The is obtained by measuring the distance in standard deviations between the 
measured value {P,dE/dx) and the theoretical value {P,dE/dx) for each particle 
hypothesis (see Figure 4.2). 
4.5 Pass 5: Event Selection 
In this stage, multihadron events, r+r~ events, and two photon candidates 
are selected. 
We define a track as a good track for the multihadron event sample if it 
satisfies the following criteria. 
• The track comes from the nominal beam interaction point within 10cm in 
the beam direction and within 6cm in the plane perpendicular to the beam. 
• The track makes an angle of at least 30° with the beam line. 
• The fitted track meets either the condition ctc < O.SG'eF"^ or ^ < 0.3, 
where c is the track curvature and cTc is the estimated error on the measured 
curvature. 
• The measured momentum exceeds 120 MeV/c. 
The multihadron event selection criteria are 
• The events have at least 5 non-electron good tracks. 
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• The total energy seen in charged particles, Ecfi, exceeds half the beam 
energy, and the sum of the momentum components in the beam direction 
is less than 40% of Ech in order to eliminate two photon events and beam-
gas events. 
• The sphericity axis is calculated and the event is divided into two hemi­
spheres. To remove T+r" backgrounds, the events are required to have at 
least one hemisphere with either an invariant mass above 26-'eF/c^ or more 
than 3 non-electron tracks. 
4.6 D*+ Selection 
The identification of the D*'^ analyzed here is based upon the fact that the 
Q value of the decay of D*"*" is about 5.8 MeV [12]. The direction and 
momentum of the Tr""" relative to those of the D° are restricted. As a consequence, 
a clear signal is seen in the — Mj^o distribution at a mass difference of 
145.3 ih 0.5 MeV. The D" is detected in the decay modes: 
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D" K-7r+ 
TT 0 77 
K";r+7r-7r+ 
K 7r"^ff 77 
K+K-
K+K-tt®, TT .0 77 
K+K-TT+TT 
The following are general D*^ selection procedures. 
• For any charged track, the confidence level of the for the corresponding 
mass should be greater than 1%. 
• From a background study, we found that there was a very strong correlation 
between z and the confidence level of a track; and most of the background 
resides within a triangle at low z and at low confidence level of a track. To 
remove the background contribution from this triangular region, we intro­
duced a cut on a variable, CLDCUT, defined as CLDCUT=(z — Zre/)/S 
where 2=^'^^"'" and Z^ef and S are chosen by examining the background 
distribution for each decay mode. The confidence level for the correspond­
ing mass is required to be greater than CLDCUT. 
• After we have a D" candidate from a kaon and pions satisfying the above 
selection criteria, we look for the bachelor pion, which will form a D*'^ with 
the D" candidate. The charge of the bachelor pion has to be the opposite 
61 
charge of the kaon. The z of the reconstructed £)*"•" should be greater than 
Zcut and dM, dM=(M(D*''")-M(D'')), should be greater than 0.14 GeV and 
less than 0.15 GeV. If the Z?*"*" satisfies the above conditions, we keep the 
bachelor pion. A kaon and pions' tracks formed D° is constrained to the D® 
mass by kinematic fitting. In this kinematic fitting, we use SQUAW [13] 
a program developed for the bubble chamber data analysis. It is a multi-
vertex fitting program which minimizes the \-^ between all measured and 
fitted track parameters subject to the constraint that the invariant mass of 
the D° decay products is the D° mass. The events may consist of several 
vertices, each vertex involving several tracks. In terms of the azimuth angle 
<!> and the dip angle A, the variables representing a track can be one of five 
types. 
1. <f>, tan A , 1/PcosA, Mass 
2. Px,Py,Pz, Mass 
3. Fi,Pj,,P2 ,  Energy 
4. 0, tan A, P, Mass 
5. (j), tan A, LogP, Mass 
Each track variable is denoted by one of four flags: Fixed, Well-measured, 
Poorly measured, or Unmeasured. For measured variables, errors and inter-
variable correlations must be supplied. For the charged tracks, we use (<^, 
tan A, 1/PcosA and m) which are flagged as well-measured and the mass 
is flagged as fixed. A neutral track's (j), tanA, l/PcosA are flagged as 
unknown and the mass is flagged as fixed, whereas the photons are fit in 
{(j), tanA, LogP, M). 
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• When SQUAW converges to a minimum, it returns the fitted track 
variables and a chi-squared for the overall track fit, xlquaw The xlquaw 
should be greater than 1% to be retained. 
4.7 D" K-n+ 
In this decay mode for the D" candidate, all pairs of tracks satisfying the 
above criteria for K~ and 7r+ are considered. Each pair is constrained to the D° 
mass by fitting {4>, tanA, 1/PcosA) of each track. Only D° candidates passing 
this SQUAW fit at the 1% confidence level are retained. The mass difference 
M(D°7r"^) - M(D°) formed by combining the tracks of each D" candidate with 
pions of charge opposite to the charge of the kaon is shown in Figure 4.3. The 
Z£).+ should be greater than 0.4 for the 4kG data and 0.3 for the 13kG data. 
4.8 D° A'-TT+Tr" 
In this decay mode all two-track combinations consistent with the kaon and 
pions, and all pairs of photon measured in the HEX, subject to E.y > 0.4 Gev, are 
considered. A kinematical fit of (0, tanA, 1/Fcos A) of the two charged tracks and 
(</>, tanA, Log P) for the two photons is performed with two mass constraints: 
that the two photons have the neutral pion mass and that the overall system 
of kaon, pion, and two photons have the D° mass. The D° candidates with a 
confidence level from this fit exceeding 1% are retained. The D" candidates are 
paired with all pion tracks of charge opposite to that of the kaon. The mass 
difference M(D°7r+ ) - M(D°) distribution is shown in Figure 4.4. The Z£).+ is 
required to be greater than 0.4.5 for both 4kG and 13kG data. 
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4.9 D° -4- A'-7r+7r-7r+ 
A procedure similar to that for the D° —> A'~7r+ mode is adopted. The 
resul t i ng  mass  d i f f e rence  M(D°7r+)  -  M(D°)  d i s t r i bu t ion  i s  shown  in  F igu re  4 .5 .  
The Z£f'+ should be greater than 0.6 for 4kG data and 0.55 for 13kG data for the 
candidate to be retained. 
4.10 D° —!• Ii~7r'''7r~7r~7r° 
A similar selection procedure as for the D" —* A'~7r"'"7r° mode is adopted. The 
resulting mass difference M(D°7r'*') - M(D°) distribution is shown in Figure 4.6. 
The z/)'+ should be greater than 0.65 for 4kG data and 0.55 for 13kG data. Only 
Photons with By > 0.4 GeV are considered. 
4.11 D° -> Â°7r+7r-
The A'° candidates [14] are reconstructed through their A'j —i- decay. 
The resulting mass difference M(D°7r'^) - M(D°) distribution is shown in Figure 
4.7. The Z£).+ should be greater than 0.45 for 13kG data. 
4.12 D" -> A'+A'-
This decay mode is Cabibbo-suppressed. A similar procedure as for the 
D° —> K~tt~ mode is adopted. The resulting mass difference M(D°7r''") - M(D°) 
distribution is shown in Figure 4.8. The 2,^*+ should be greater than 0.45 for 
4kG data and 0.6 for 13kG data. 
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4.13 D° A'+A'-TT+TT-
This decay mode is also Cabibbo-suppressed. A similar procedure as for the 
D° —+ mode is adopted. The resulting mass difference -
M(D°) distribution is shown in Figure 4.9. The Z£>.+ should be greater than 
0.55 for 4kG data and 13kG data. 
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5. FRAGMENTATION 
5.1 Phenomenological Fragmentation Models 
In elementary particle reactions colored quarks and gluons are described as 
free particles during a hard scattering process. But color forces form them into 
colorless hadrons. This is called fragmentation or hadronization. Fragmentation, 
in general, is specified by the fragmentation function Dq(z) which represents 
the fragmentation of quark Q into final state hadron H with the momentum 
fraction z = 2E/ y/s, where E is the energy of hadron and a is the square of total 
e+e" C.M. energy, so that \/s/2 is the quark's maximum energy. Fragmentation 
is governed by soft non-perturbative processes that cannot be calculated in a 
perturbative QCD calculation. Therefore various phenomenological models such 
as the Lund model, Cascade model, etc., motivated by QCD, have been developed 
to describe the fragmentation function Dq . 
5.2 Independent Jet Fragmentation Model 
This model was originally introduced by Field and Feynman [15] as a frame­
work for e+e' —qq. Later it was extended to e+e" -4- qqg and to baryon 
production. 
An initial fast quark qo will create a color force field in which a new light 
quark pair is created. The quark % will couple with ^ to form a meson 
iloÇï) with a fraction zi of the qo energy. In the same way a pair of 92^ is created 
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and qi will couple with ^ to form a 2^*^ rank meson (çiçâ)» and so on, repeating 
until there is insufficient energy to continue. This process is shown in Figure 5.1. 
Such a process can be specified by one fragmentation function d{z). It is defined 
such that d{z)dz is the probability that the 1'* rank meson will have a fraction z 
of the initial quark's energy. If D^{z) is defined as the probability density that 
a quark will fragment into a hadron with a fraction z of the quark's energy. 
Pf =  d{ z )  +  I '  d i l  -  z )Df { z j z )d z l z  (5.1) 
The above equation states that the meson is either the first in the chain or is 
part of a similar chain initiated by çj carrying a fraction i of the qo momentum 
with the probability d{l — z). Originally Field and Feynman suggested a form 
d{ z )  = 1 - a + .3a(l - z f , a  =  0.77 (5.2) 
The value of a controls the longitudinal momentum spectrum of primary hadrons 
in the model. 
5.3 The String Fragmentation Model 
This model was first described by Artru and Mennessier [16] as a (1 + 1) 
dimensional model. When a color-neutral qq pair is produced at f = 0 a 
color force field is created between them. The quarks fly out along the light-cone 
and they lose their energy to the color field in which other qq pairs are created at 
random points. As the quarks fly out along the light-cone they are decelerated 
by the string tension, K ~ 1 GeV/fm = 0.2 GeV^, and accelerate back together, 
and then fly apart once more eventually forming bound state mesons clusters 
("yo-yo"). This process is shown in Figure 5.2. 
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Figure 5.1: Fragmentation of quarks in the Independent Fragmentation Model 
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The equation of motion for the end-points of relativistic string in the one 
space and one time dimension are 
^ = if (S-S) 
where P is the end-points quark's momentum and + (-) sign represents the left 
(right) end of the string. Imagine that there is a green quark at the right end 
and anti-green anti-quark at the left end of the string. Then if a green-anti-
green qq pair is created at an intermediate point, the color lines of force from the 
right-hand quark will terminate on the intermediate q. The string will separate 
into two independent color-neutral strings. As time goes on the string breaks into 
smaller pieces carrying smaller fractions of the original energy. All executing 'yo­
yo' modes in between breaks. The breaking stops within a string piece when its 
invariant mass become small enough to be a hadron. Therefore the entire string 
evolves into hadrons. This process is shown in Figure 5.3. This was pioneered 
by the Lund group. The setting-up of the chain of breaks can be viewed as a 
stochastic process since each step depends only on the end-point of the previous 
step and on random variables. All breaks occur during the first expansion of the 
'yo-yo' in question. This stochastic process can be described by using light-cone 
variables = < ± x. This process is shown in Figure 5.3. Starting from the 
(î — 1) break point, the step to the next break point in the direction is chosen 
by 
Aa:+= (xti-x+) = ::ix+_i, 0 < z, < 1 (5.4) 
with probability distribution D { z i )  for rj. The probability for producing a Q Q  
pair with mass mq is proportional to exp(—Trmçz/A') where viq2 = + Pj.. 
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Figure 5.2: Space-time picture of string breaking 
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The Lund group [17] adopted a symmetric fragmentation function; 
= (5.5) 
X'^ X ^ 
which is Lorentz invariant and independent of the starting point in the Monte 
Carlo procedure. 
5.4 QCD Cascade Models 
In these models the fragmentation process is described as a quark-gluon 
shower calculated in the leading-log approximation and described by a single 
QCD parameter A. The process is terminated when the parton is below Qo = 0.7 
GeV, at which point colorless clusters are formed. Figure 5.4 shows the shower 
viewed as a QCD tree with color flux. The clusters decay by phase space. Phase 
space alone has to describe A'/tt, P/tt, p/ix ratios, for z and Pj distributions. 
The Webber model [18] uses A = 0.25 GeV and the Gottschalk [19] model uses 
a Qo cut-off ~ 4 GeV. 
5.5 Charm Quark Fragmentation Functions 
The charm quark pair creation in the fragmentation process is expected to be 
suppressed due to its heavy mass. Therefore meson containing the primary 
charm quark of the hard scattering process is the most useful source of infor­
mation on the charm quark fragmentation function. The most direct method of 
evaluating fragmentation function is to measure in e'^e" annihilation the energy 
or momentum spectra of reconstructed D*+ mesons. 
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>  X i - I  ,  t 
Figure 5.3: Relation between area law and mass 
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q^qj' cluster 
is 
»ob 
Figure 5.4: The parton evolution and cluster formation in Cascade Models. 
The clusters are to decay independently into hadrons according to 
a simple isotropic phase space model 
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The various fragmentation variables are defined as follows: 
^ — ^hadron/ ^ beam (5.6) 
~ ^hadron/^quark (5*0 
~ PhadronI-^Max^ ^ Max — \/^heam (5.8) 
+  _  {E  P  ID fe or f ron  
- {E + P\\)m.. 
The heavy quark combines with light quark resulting in a heavy-flavored 
hadron which carries a large fraction of the original energy: ~ 1. Therefore 
we expect a hard distribution of heavy-flavored hadron in concentrated at 
large values of z^. This property will be more obvious as the heavy quark mass 
increases, 
DQ ~  S{1  - z e ) -  (5.10) 
An explicit fragmentation function proposed by Peterson et al. [20]. demon­
strates this general feature. Suppose an initial heavy quark Q fragment into the 
heavy hadron H{Qq) plus spectator light quark q produced in the color force 
field. In an infinite-momentum frame the energy denominator for this process is 
. 1 _ i , _ « (5.12) 
ZE 1 - -E 
where P is the initial Q momentum and niQ ~ z is the H energy fraction. 
I t  is assumed that the transition probability will be dominated by {AE)~^. This 
gives 
D^ (ZE)  =  N Z - ' ( 1  -  ; - (5.1.3) 
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Figure 5.4: Heavy-flavored meson production from heavy quark 
the factor | is for longitudinal phase space arising from 
cy (5.14) 
Eh z  
and tQ is a parameter which can be tuned to the experimental data. 
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0. TEST OF SPIN DEPENDENCE IN CHARM QUARK 
FRAGMENTATION TO D*+ 
The scaling properties of the hadronization process can be described by phe-
nomenological fragmentation functions. The heavy quark fragmentation func­
tions [12-22] predict only kinematrcal properties such as the energy distribution 
and flavour dependence of hadronization. To understand the dynamical part 
of hadronization we have to understand how polarized partons fragment into 
polarized hadrons. Conversely by utilizing measurable spin information, such as 
vector/pseudoscalar ratios and the polarization of vector mesons, we can enhance 
our knowledge of the dynamical mechanisms of the fragmentation process. Many 
theoretical papers [23-25] have emphasized the importance of experimental mea­
surements of the angular distribution of D*^ —> Dit decay in center of mass 
frame. Since spin dependent fragmentation is not understood the measurement 
of the spin density matrix [26] of vector mesons decaying into two pseudoscalar 
mesons may give us some interesting information about the hadronization pro­
cess of quarks and gluons. There has been one attempt to include spin in a 
fragmentation model to build a dynamical fragmentation model rather than a 
statistical one. 
6.1 Polarization of D*'^ 
We study here the measurement of the polarization of and the energy 
dependence of the polarization of the D*'^ produced in e'^e~ at the PEP storage 
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ring with C.M. energy 29 GeV. Data for this analysis corresponds to 147p6~^. 
We measured the cosine of the angle 6 of the in the D*^ rest frame with 
respect to the boost axis between the laboratory frame and the rest frame 
using the two-body decay D*'^ . The is reconstructed as described 
previously. The cos 6 distributions of the data are shown on the following pages. 
There are two sources of background in these data. One is due to the wrong com­
binatorial background and the other is due to the semileptonic B —»• decay 
[27]. The wrong combinatorial background is the result of the mis-identification 
of a kaon as a pion vice versa (see Table 6.1), and which occurs at the several 
percent level. 
A recent report by CLEO [27] shows that the from B —» D*'^Cui decay 
is polarized longitudinally with o-cLEO — 8.6. The D*'^ from B —> D*'^£u( will 
have a lower average z than the primary . We estimate the contamination of 
D*'^  h y  B  The  fo l l owing  a r e  t h e  w e igh t i ng  f ac to r s  i n  t he  B —i-  D '+ f z /g  
events generation where the bottom quark decays as if it were free in the spectator 
approximation. 
1. The partial width for b  ceu  decay is 
where | M is the spin-averaged matrix element squared. 
2. The ratio of the cross section of cr(€'^e~ —> bb) to the cross section of 
< 7 ( e ' ^ € ~  — > •  c c )  i s  0 . 2 4  b a s e d  [ 2 8 ]  o n  c r ( e + e ~  — =  
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3. The branching ratio of BR{B°  —c D*'^e  V g )  =  B R ( B °  =  
7.0 ±1.2 ±1.9% [29]. 
4. The Peterson form of the bottom quark fragmentation function is used for 
the B meson generation with tq = 0.04. 
5. The energy distribution of the Z?*"*" from B —> is plotted against 
the Peterson form of the charm quark fragmentation function to estimate 
t he  con t amina t i on  b y  t he  s emi l ep to n i c  B —> 
The result of this estimation is shown in Figure 6.1. The cos 0 distribution shows 
that for some z range there are not sufficient events per bin to make a reliable 
fit using binned data, and therefore we use the maximum likelihood method [30]. 
The maximum likelihood method uses the events one at a time, so there is no 
need to worry about how to construct a histogram, and what the bin size should 
be. 
A decay angular distribution is expected to be of the form 
1 + a cos^ 0 (6.1) 
where ê  is the angle between the and D°  in the center of mass frame. 
We fit Equation 6.1 to the data to determine the polarization parameter a. To 
include background terms we define a complete likelihood function as 
C =  ( l - iV6„ , c f c - iV B _£ ) . ) ( l  +  a  cos^  0) +  Ni ,ack (b i+b2  cos  O  +  ba cos^ 9) + Nb^D' ( 1  +  
acLEO 9)/7.73 (6.2) 
where the Nhack is the background fraction and Nb-^d* is the fraction of D*^ 
from B (see Table 6.2) and hi and 6; and bg are the coefficients 
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Figure 6.1: The estimation of contamination of Z?* + 
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of the angular distribution of the background obtained by fitting a 2nd order 
polynomial to the combinatorial background (see Table 6.3). The first term in 
Equation 6.2 is the true angular distribution, the second term is the background 
angular distribution, and the last is the longitudinally polarized from the 
semileptonic B —D*'^Cue and 7.73 is normalization coefficient. The detector 
acceptance is corrected using the Monte Carlo simulation TPC LUND. The fitted 
values of a in several z bins are shown in Table 6.4. 
We would like to compare these a values with a theoretical prediction. In 
the paper [23] a heavy meson is treated as a nonrelativistic bound state moving 
along the heavy quark jet direction with negligible Fermi motion. It is also 
assumed that light quarks are produced from the spin-one gluon emitted by the 
heavy quark. In this prediction Di{z), longitudinal fragmentation function of 
the D*'^ has a broad enhancement over lower value of /Eheami while 
Dt{^)i the transverse fragmentation function, has a large sharp enhancement at 
higher z values. These differences in the z dependence can be observed in the 
decay angular distribution, dT{D*'^ —> D°Tr~)/dzdil a 1 + Q:(r)cos^^, 
w h e r e  a ( z )  =  { D L ( Z )  -  D T { ^ ) ) / D T -
From our a ( z )  measurement (see Table 6.4) we can conclude that D*^ is not 
polarized and there is no sign of an energy dependence of polarization. Also 
we compare our measured a with the measurement by the HRS collaboration, 
a = 0.12 ± 0.13, for 0.4 < z < 0.6, and « = 0.28 ± 0.21, for 0.6 < z < 1.0. They 
also conclude that their data show no sign of the polarization [31]. 
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Figure 6.2: Theoretical prediction of the D i { z )  and Dj ' [ z )  
89 
4 
5 
Z 
0 
2 0 0.2 0.6 0.4 0.8 
Z 
Figure 6.3: The measurement of a { z )  
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6.2 Spin Density Matrix of 2?*+ 
The amplitude for the two body decay D*"*" —> D°7r+ in the rest frame of the 
£>*••" has the form 
(6.2) 
where is the reduced rotation matrix. The probability of decay in the 
direction (^, (^) of the is 
T'T (^cOS — ^2 -^rn-^rn'P^nm' (6.3) 
mm' 
For J = 1 the spin density matrix has the form 
/ \ 
Pi \  P io  P i , - I  
Pmm' — Pio  Poo  ~P \ 0  
P\,- \  —PlO pl l  
\ / 
(6.4) 
where all elements are real except pio. Then the decay angular distribution can 
be written as 
g 
W(cos9 ,  <f>)  =  — (/9ii +  1/2(3/3oo— 1) 9— pi_ i  sin^ 9  cos 2 ( j>—\ /2Rep iQ  sin 29  cos 4>) ,  
4ir 
(6.5) 
and the individual projections in cos ^ and (j) are 
3 W{c os9 )  =  ^ ( (1  -  Pqq) + (.3/900 - l)cos2#) (6 .6 )  
and 
W{(i)) = (l/27r)((l + 2/9i_i) - 4/0i_i cos^ cj)). (6.7) 
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Figure 6.4: D °  decay angles in D*+ helicit.y frame 
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In our coordinate system the 9 and <f> are the helicity frame polar and azimuthal 
angles of the D° in the D*"^ rest frame. The each detected is in the PEP4 
coordinate system, where the incoming electron lies along the z axis, the y axis is 
vertical upwards, and the x axis lies radially outward from the PEP storage ring 
center. We transform the D* vector so that the momentum of the D*"*" lies along 
the z axis; then we boost to the £>*"•"'s center of mass frame, and we measure the 
angles (f) and 0, where the zero in <f> is referenced perpendicular to the original 
X?*"*" and the incoming electron direction. 
The (f) distributions are shown on the next page. A second order polynomial 
in 4>i ci + C2 cos 0 + C3 cos^ (^, is fitted to the background (j) distributions to get the 
background coefficients, shown in Table 6.5. The parameters to be determined 
are fully expressed in Equation 6.6: poo, p\-i, and Repio. The results of a 
maximum likelihood fit are shown in Table 6.6. The uniqueness of each fitted 
parameter is checked by studying the correlation between each parameter in 
Equation 6.6. There is no correlation among the parameters in 0.4 < z < 1.0, 
but there is some negative correlation in the z bin 0.3 < z < 0.4. 
The spin density matrix of Z)*"*" is averaged over the z interval of 0.3 — 1.0 is 
Pmm' — 
0.349 ± 0.025 0.042 ± 0.036 0.012 ± 0.027 
0.042 ± 0.036 0.302 ± 0.050 -0.042 ± 0.036 
0.012 ± 0.027 -0.042 ±0.036 0.-349 ± 0.025 
(6.8) 
which is consistent with | times the unit matrix. 
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6.3 Alignment 
The alignment 7/ measures the relative probability of each helicity state of 
and is defined as 77 = (l/2)(2/3oo — Pn — p-i-i). Our measured value of 
Tj = —0.07 ± 0.04 shows no sign of alignment of the D*'^, and all three helicity 
states are equally populated. Various theoretical models [27] have predicted 
values of 77 within its physical limits, —1/2 < 7/ < 1. 
6.4 V/P Ratio 
When a quark combines with an antiquark, it forms either a vector meson 
or a pseudo-scalar meson. If the spins of the two quarks are parallel they form 
a vector meson. If the quarks' spins are antiparallel it is assumed to form a 
pseudo-scalar a fraction F of the time and a vector meson the remaining 1-F. 
The physical limits on F are 0 < f < 1. By simply counting possible spin states 
[27] we can have poo = (1 — F)l{2 — F) since poo is just (J = 1, = 0) state, and 
V/P = (2 — F)/F. From our poo measurement we have a V/P ratio consistent 
with 3, the value expected in a statistical model. . 
6.5 Final State Interaction 
Off diagonal terms of the spin density matrix are consistent with zero. It has 
been suggested [24] that the measurement of the vector meson spin density matrix 
can test the strength of final state interaction in the hadronization process, since 
final state coherent interactions make pi_i non-vanishing. Our measurement 
of the spin density matrix of £)*+ shows no significant strength of final state 
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Figure 6.5: Vector meson and pseudo-scalar meson are represented 
by V and P respectively 
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Figure 6.6: Fragmentation picture, (a) incoherent fragmentation picture 
and (b) coherent fragmentation picture 
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interactions. 
6.6 Summary 
In summary our a(c) measurement shows that !?*+ is not polarized, that there 
is no energy dependence of polarization, and the spin density matrix analysis 
shows that there is no alignment of helicity states. Finally, the V/P ratio 
is consistent with the statistical model prediction, and no measurable final state 
interactions are observed. 
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Figure 6.7: The cos# distribution of data with c = 0.3 — 0.4 
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— 0 . 8  - 0 . 4  
Figure 6.8: The cos $ distribution of data with z = 0.4 — 0.5 
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Figure 6.9:The cos# distribution of data with z = 0.5 — 0.6 
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Figure 6.10: The cos# distribution of data with z = 0.6 — 0.7 
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Figure 6.11: The cos# distribution of data with z = 0.7 — 0.8 
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Figure 6.12: TJie cos# distribution of data with z = 0.8 — 1.0 
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Figure 6.13: The (f) distribution of data with z = 0.3 — 0.4 
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Figure 6.14: The <f) distribution of data with z = 0.4 — 0.5 
I 
I r 
I I I I I I I I I— 
—160 —80 0 80 160 
105 
Figure 6.15: The <j) distribution of data with z = 0.5 — 0.6 
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Figure 6.16: The ç distribution of data with z = 0.6 — 0.7 
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Figure 6.17: The 0 distribution of data with z = 0.7 — 0.8 
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Figure 6.18: The (j) distribution of data with = = 0.8 — 1.0 
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Table 6.1: The background fraction of events 
z Number of events Number of background 
events 
Background 
fraction 
0.3-0.4 12 2.77 0.230 
0.4-0.5 39 8.80 0.225 
0.5-0.6 66 8.70 0.132 
0.6-0.7 103 12.35 0.120 
0.7-0.8 70 5.71 0.082 
0.8-1.0 33 1.96 0.059 
Total .323 40.29 0.125 
(Average) 
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Table 6.2: The contamination of D *  from B  
z D *  contamination 
0.3-0.4 5.2% 
0.4-0.5 
0.5-0.6 1.9% 
0.6-0.7 0.0% 
1 
0.7-0.8 0.0% 
0.8-1.0 0.0% 
1 
I l l  
Table 6.3: The cosine of the angle 6 distribution of the background event 
z b i  62 63 
0.3-0.4 0.65 ±0.12 -0.31 ±0.14 -0.45 ± 0.28 
0.4-0.5 0.57 ±0.07 -0.14 ±0.08 -0.20 ±0.18 
0.5-0.6 0.56 ± 0.07 0.04 ± 0.09 -0.19 ±0.17 
0.6-0.7 0.73 ± 0.01 0.18 ± 0.07 -0.68 ± 0.09 
0.7-0.8 0.39 ±0.07 0.73 ±0.10 0.34 ±0.17 
0.8-1.0 0.16 ±0.07 0.45 ± 0.22 1.01 ± 0.50 
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Table 6.4: The measurement of a(z) 
z a(z) 
0.3-0.4 -1.000±1.2.30±0.272 
0.4-0.5 -0.14.3±0.653±0.212 
0.5-0.6 -0.540±0.248±0.091 
0.6-0.7 0.2.36±0.378±0.141 
0.7-0.8 -0.290±0.316±0.0.33 
0.8-1.0 1.292±1.400±0.147 
Average -0.282±0.165±0.029 
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Table 6.5: The cosine of the angle (j) distribution of the background event 
z b x  62 63 
0.3 - 0.4 0.52 ± 0.05 -0.15 ± 0.02 -0.07 ±0.01 
0
 
1 o
 
0.60 ± 0.03 -0.18 ±0.06 -0.31 ±0.07 
0.5 - 0.6 0.49 ± 0.04 0.01 ± 0.07 0.02 ± 0.09 
0.6 - 0.7 0.46 ± 0.03 0.01 ±0.06 0.13 ± 0.07 
0
 
1 o
 
CO
 
0.44 ± 0.05 0.07 ± 0.08 0.18 ±0.10 
0.8 - 1.0 0.43 ± 0.09 0.08 ±0.15 0.22 ±0.18 
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Table 6.6: The measurement of Spin Matrix of D*"^ 
z Poo Pi- i  Re/5io 
0.3-0.4 0.000±0.616±0.136 0.112±0.214±0.013 0.254±0.2.54d=0.015 
0.4-0.5 0.300±0.160±0.0.52 0.000±0.035±0.001 0.053±0.089±0.009 
0.5-0.6 0.187±0.081±0.030 0.096±0.077±0.004 
1 
0.047±0.060±0.003 
0.6-0.7 0.382±0.076±0.027 0.001±0.071±0.003 
j 
0.032d=0.048±0.078 
! 
0.7-0.8 0.262±0.086d:0.009 -0.029±0.081±0.002 0.000±0.678di0.068 
0.8-1.0 0.5.34±0.152±0.016 0.0.37±0.121±0.002 0.000±0.166±0.020 
! 
Average 0.3G2±0.043±0.007 0.012±0.026±0.001 
j 
0.042±0.033±0.003 
1 
i 
1 
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